
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Aug. 2003, p. 4495–4501 Vol. 69, No. 8
0099-2240/03/$08.00�0 DOI: 10.1128/AEM.69.8.4495–4501.2003

Molecular Characterization of Microsporidia Indicates that Wild
Mammals Harbor Host-Adapted Enterocytozoon spp. as well
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Over 13 months, 465 beavers, foxes, muskrats, otters, and raccoons were trapped in four counties in eastern
Maryland and examined by molecular methods for microsporidia. A two-step nested PCR protocol was
developed to amplify a 392-bp fragment of the internal transcribed spacer region of the rRNA gene of
Enterocytozoon spp., with the use of primers complementary to the conserved regions of published nucleotide
sequences. Fifty-nine PCR-positive samples were sequenced. Multiple alignments of these sequences identified
17 genotypes of Enterocytozoon spp. (WL1 to WL17); of these, 15 have not been reported before. Most of the
genotypes were found in multiple species of wildlife and belonged to a major group consisting of all the
previously described Enterocytozoon bieneusi genotypes from human and domestic animals. Some of the isolates
from muskrats and raccoons formed two distinct groups. Results of this study indicate that fur-bearing
mammals, especially those closely associated with surface water, can be a potential source of human-patho-
genic E. bieneusi. However, there are also host-adapted Enterocytozoon genotypes in wildlife, which may
represent species different from E. bieneusi and have no apparent public health significance. This is the first
report of E. bieneusi in wildlife.

Microsporidia are obligate, intracellular parasites represent-
ing more than 1,200 species in 143 genera that infect inverte-
brate and vertebrate hosts. At least six genera including 14
species have been reported to infect humans (10). Enterocyto-
zoon bieneusi is recognized as the most common microsporid-
ian in humans, even though little is known of reservoirs or
routes of infection (10, 15). In recent surveys of parasites of
domestic animals, E. bieneusi was isolated from farm and com-
panion animals including cattle, pigs, dogs, and a cat (1, 2, 5,
13, 15, 16). E. bieneusi was also isolated from simian immuno-
deficiency virus-infected immunodeficient macaques (3) and
more recently from chickens (14). Spores of E. bieneusi have
been detected in water from the Seine River in France, and
PCR techniques have been developed for the detection of E.
bieneusi in water samples (9, 19; J. M. Sparfel, C. Sarfati, O.
Liguory, B. Caroff, N. Dumoutier, B. Gueglio, E. Billaud, F.
Raffi, J. M. Molina, M. Miegeville, and F. Derouin, abstract, J.
Eukaryot. Microbiol. 44:78S, 1997). Based on an epidemiolog-
ical study in France, lake water contamination was suspected as
the source of a possible outbreak of microsporidiosis involving
200 persons (4). Thus far, E. bieneusi is the only described
species in the genus Enterocytozoon, although it is not clear
whether the genus is truly monospecific.

The possibilities that some isolates of E. bieneusi might re-

sult in zoonotic infection under certain circumstances and that
water might serve as a vehicle for dissemination of spores have
led to the present study, in which fur-bearing animals, closely
associated with surface waters, were trapped and their feces
were examined for the presence of microsporidian spores. In
this communication, the development of a two-step nested
PCR protocol to amplify the internal transcribed spacer (ITS)
region of the rRNA gene and nucleotide sequence character-
izations of the amplified ITS fragments are described. Results
of the study revealed the existence of extensive genetic diver-
sity in E. bieneusi and related parasites, and some of the wild-
life genotypes have zoonotic potential whereas others may
represent species different from E. bieneusi. The data should
be useful in understanding the taxonomy of Enterocytozoon
spp., developing alternative molecular tools for the detection
and differentiation of Enterocytozoon spp., and investigating
outbreaks or endemic diseases caused by E. bieneusi.

MATERIALS AND METHODS

Isolates. From January 2001 through January 2002 trappers licensed in the
state of Maryland shipped feces from 85 beavers, 67 foxes, 239 muskrats, 19
otters, and 55 raccoons to the Animal Waste Pathogen Laboratory, Agriculture
Research Service, U.S. Department of Agriculture, Beltsville, Md. Feces were
obtained from animals trapped in streams and lowland areas of Caroline,
Charles, Dorchester, and Talbot counties, with age and sex of animals recorded.
The age of animals was estimated by body measurements (length and weight)
and, in the case of otters, also by inspection of canine teeth. Feces collected
directly from the colon of each animal were placed in an individual plastic
specimen carton with a lid identifying the animal source, age, sex, date, and
location of capture (Table 1). Feces were held under refrigeration without
chemical preservatives for approximately 1 to 2 weeks before shipping.

Upon arrival at the U.S. Department of Agriculture laboratory feces from
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TABLE 1. Sources of Enterocytozoon-positive fecal samples and their genotype designation at the ITS region of the rRNA gene

Specimen no. Animal no. Host Age (mo) Sexa Genotype Reference
(genotype/host/GenBank accession no.)

5496 45 Raccoon 30 M WL1 This report
5553 48 Raccoon 12 F WL1
5972 53 Raccoon 30 M WL1
3624 59 Raccoon 24 M WL1

3608 57 Raccoon 30 M WL2 This report
3609 58 Raccoon 24 M WL2

3603 56 Raccoon 30 M WL3 This report

3548 23 Muskrat 36 F WL4 This report
3570 25 Muskrat 30 M WL4
3578 26 Muskrat 24 M WL4
3633 27 Muskrat 24 M WL4
3666 29 Muskrat 36 F WL4
3713 30 Muskrat 30 M WL4
3714 31 Muskrat 36 M WL4

5999 41 Muskrat 24 M WL5 This report

5540 34 Muskrat 12 F WL6 This report

3599 1 Beaver 18 M WL7 This report

5514 4 Beaver 6 F WL8 D/Human/AF101200 (5),
5539 6 Beaver 12 M WL8 PigEBITS9/Pig/AF34877 (2)
5573 7 Beaver 6 M WL8
6009 12 Beaver 24 F WL8
3568 24 Muskrat 18 M WL8
3665 28 Muskrat 36 F WL8
5997 54 Raccoon 30 M WL8
5973 14 Fox 30 M WL8
5977 15 Fox 12 F WL8

6003 11 Beaver 30 M WL9 This report

5489 32 Muskrat 12 F WL10 This report

6005 22 Fox 30 M WL11 This report

5505 3 Beaver 30 F WL12 This report
3667 43 Otter 24 F WL12

5536 5 Beaver 12 F WL13 EbpC/Pig/AF076042 (1), E/Pig/AF135832 (5)
5969 8 Beaver 36 F WL13
5971 9 Beaver 42 M WL13
6000 10 Beaver 30 F WL13
6011 13 Beaver 12 M WL13
5980 17 Fox 24 M WL13
5987 20 Fox 24 M WL13
5993 21 Fox 24 M WL13
5576 37 Muskrat 18 F WL13
5966 40 Muskrat 12 F WL13
6004 42 Muskrat 12 M WL13
5502 44 Otter 24 F WL13
5570 52 Raccoon 12 M WL13

5527 33 Muskrat 18 M WL14 This report

5497 2 Beaver 30 M WL15 This report
5778 16 Fox 12 F WL15
5985 18 Fox 18 M WL15
5986 19 Fox 24 F WL15
5541 35 Muskrat 12 F WL15
5550 47 Raccoon 12 M WL15
5568 50 Raccoon 12 F WL15

5562 36 Muskrat 24 F WL16 This report
5580 38 Muskrat 12 M WL16
5581 39 Muskrat 18 F WL16
5567 49 Raccoon 42 M WL16
6001 55 Raccoon 30 M WL16

5517 46 Raccoon 36 M WL17 This report
5569 51 Raccoon 12 F WL17

a M, male; F, female.
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each carton was transferred into a 50-ml centrifuge tube. Water was added to a
final volume of 35 ml, the contents were mixed by vortexing, the slurry was
poured through a 7.62-cm-diameter sieve with a pore size of 45 �m, and the
sieved suspension was poured into another 50-ml centrifuge tube. Water was
added to reach a final volume of 50 ml, and the tube was capped and centrifuged
at room temperature (RT) for 10 min at 1,500 � g. Supernatant was decanted,
the pellet was resuspended in 25 ml of water, and an additional 25 ml of aqueous
CsCl2 (1.4 g/ml) was thoroughly mixed with the suspension. The tube was then
centrifuged at RT for 15 min at 300 � g, 2 ml was aspirated from the surface and
pipetted into a 15-ml centrifuge tube, 13 ml of deionized water was added, and
the tube was centrifuged at RT for 15 min at 1,500 � g. The pellet was washed
twice with deionized water, resuspended in 100 �l of deionized water, transferred
to a 1.8-ml microcentrifuge tube, and stored at �70°C until 100 or more speci-
mens had accumulated. Tubes were then shipped frozen overnight to the Centers
for Disease Control and Prevention laboratory in Atlanta, Ga., for molecular
studies.

DNA extraction. Upon arrival at the Centers for Disease Control and Preven-
tion laboratory, the frozen suspensions of cleaned fecal debris to be tested for the
presence of spores of Enterocytozoon spp. were washed three times with distilled
water. DNA was extracted from each washed fecal pellet after initial treatment
with 1 M KOH for 15 min at 65°C, followed by neutralization with 25% HCl. The
DNA lysate was then extracted once with phenol-chloroform-isoamyl alcohol
(25:24:1) solution and purified using the QIAamp DNA stool kit (Qiagen Inc.,
Valencia, Calif.) according to the manufacturer’s protocol, except that the DNA
was resuspended in 100 �l of distilled water.

PCR amplification of the ITS region of the rRNA gene. To amplify the ITS
region of the rRNA gene, a two-step nested PCR protocol was developed, using
primers complementary to the conserved published ITS nucleotide sequences
of Enterocytozoon spp. downloaded from GenBank: human (AF101197 to
AF101200, AF242475, AF242476 to AF242479, AF267145, and AF267147),
pig (AF076040 to AF076043, AF135832 to AF135835, AF348469 to AF348477,
and U61180), rhesus monkey (AF023245), cattle (AF135836 to AF135837,
AF267143, and AF267144), cat (AF267141 to AF267142), llama (AF267146),
and farm dogs and cats (AF118144 and AF059610). For the primary PCR, a PCR
product of 410 bp was amplified using primers AL4037 (5�-GATGGTCATAG
GGATGAAGAGCTT-3�) and AL4039 (5�-AATACAGGATCACTTGGATCC
GT-3�). The PCR mixture consisted of 1.0 to 2.0 �l of DNA, 200 �M (each)
deoxynucleoside triphosphates, 1� PCR buffer (Perkin-Elmer, Foster City, Cal-
if.), 3.0 mM MgCl2, 5.0 U of Taq polymerase (GIBCO BRL, Frederick, Md.),
and 200 nM (each) primers in a total of 100 �l of reaction mixture. The reactions
were performed for 35 cycles (94°C for 45 s, 55°C for 45 s, and 72°C for 60 s) in
a Perkin-Elmer GeneAmp PCR 9700 thermocycler, with an initial hot start (94°C
for 3 min) and a final extension (72°C for 10 min). For the secondary PCR, a
fragment of 392 bp was amplified using 2.5 �l of primary PCR and primers
AL4038 (5�-AGGGATGAAGAGCTTCGGCTCTG-3�) and AL4040 (5�-AATA
TCCCTAATACAGGATCACT-3�). The conditions for the secondary PCR were
identical to the primary PCR. The PCR products were analyzed by agarose gel
electrophoresis and visualized after ethidium bromide staining. Each sample was
analyzed by PCR at least twice.

Nucleotide sequencing and phylogenetic analysis. With the use of Microcon
PCR centrifugal filter devices (Millipore, Bedford, Mass.), the secondary PCR
products with the expected size were purified and sequenced in both directions
using the Big Dye Terminator Cycle Sequencing Ready Reaction kit on an ABI
3100 automated sequencer (Perkin-Elmer). Sequence accuracy was confirmed by
sequencing of two separate PCR products. Multiple alignment of the nucleotide
sequences was performed using the Wisconsin Package Version 9.0 program
(Genetics Computer Group, Madison, Wis.). To assess the extent of genetic
diversity and evolutionary relationships among Enterocytozoon genotypes, phy-
logenetic analysis was performed on the aligned sequences. In this analysis, the
published ITS nucleotide sequences representing various E. bieneusi genotypes
(1, 2, 3, 5, 13, 14, 15, 16) were aligned with ITS sequences obtained from beavers,
muskrats, raccoons, and foxes. Based on the evolutionary distances calculated by
the Kimura two-parameter model, a neighbor-joining tree (18) was constructed
using the TreeconW program (20). Bootstrap analysis was used to assess the
reliability of grouping using 1,000 pseudoreplicates (8). Since bootstrap values
may be conservative estimates of the reliability of the clades, values above 70%
are reported (7). Maximum likelihood analysis was used to validate the phylo-
genetic relationship inferred from the neighbor-joining analysis, using the pro-
gram Phylip implemented in the phylogenetic package DAMBE (http://aix1
.uottawa.ca/�xxia/). The most divergent sequence (Enterocytozoon sp. from a
dog; GenBank accession no. AF059610) was used as an outgroup in the phylo-
genetic analysis.

Nucleotide sequence accession number. Nucleotide sequences of the ITS re-
gion of the rRNA gene of Enterocytozoon spp. from beavers, muskrats, raccoons,
and foxes representing different genotypes (WL1 to WL17) were deposited in the
GenBank database under accession numbers AY237209 to AY237225.

RESULTS

In order to identify microsporidian infection in all the 465
different fur-bearing wild mammalian hosts (85 beavers, 67
foxes, 239 muskrats, 19 otters, and 55 raccoons), a two-step
nested PCR was performed at least twice to amplify the ITS
region (392 bp) of the rRNA gene with Enterocytozoon-specific
primers. Of the 465 wildlife isolates characterized, 59 were
found to be PCR positive.

Nucleotide sequences of the ITS were generated for all 59
PCR-positive isolates (9 isolates from foxes, 13 isolates from
beavers, 20 isolates from muskrats, 15 isolates from raccoons,
and 2 isolates from otters; Table 1). Infected animals varied
between 6 and 42 months in age, with more male than female
animals being infected (35 versus 24, respectively). The extent
of genetic diversity in Enterocytozoon spp. was measured by
multiple alignments of the nucleotide sequences of the ITS
region of the rRNA gene (Fig. 2). The analysis revealed dis-
tinct sequences for some of the isolates from muskrats and
raccoons. The analysis further revealed the presence of at least
17 distinct genotypes of Enterocytozoon spp. (WL1 to WL17)
within these wildlife isolates.

Phylogenetic analysis was performed to understand the ge-
netic relationship among Enterocytozoon genotypes. A neigh-
bor-joining tree was constructed from aligned ITS sequences
of various Enterocytozoon spp. isolates from wildlife (present
study) and all the published E. bieneusi ITS nucleotide se-
quences from humans and domestic animals (Table 2; Fig. 1).
Three major clusters were evident from these combined data.
The first major cluster consisted of all previously reported
isolates of E. bieneusi from human, cattle, cat, llama, rhesus,
pig, and farm dog and cat sources (1, 2, 5, 11, 13, 15, 16, 17; P.
Deplazes, A. Mathis, C. Muller, and R. Weber, abstract, J.
Eukaryot. Microbiol. 43:93S, 1996) as well as some isolates
from beavers, muskrats, foxes, raccoons, and otters. The sec-
ond major cluster was formed by some isolates from muskrats.
The third major cluster was represented by some raccoon iso-
lates. All major clusters were well supported by bootstrap anal-
ysis (Fig. 1).

Within the first major cluster, some isolates (WL8 genotype)
from muskrats (isolates 24 and 28), beavers (isolates 4, 6, 7,
and 12), foxes (isolates 14 and 15), and raccoon (isolate 54)
were identical to the published E. bieneusi ITS sequences from
a human (genotype D) and a pig (GenBank accession no.
AF101200 and AF34877, respectively) and formed a major
clade. Similarly, the ITS sequences (WL13 genotype) from
some beavers (isolates 5, 8, 9, 10, and 13), muskrats (isolates
37, 40, and 42), foxes (isolates 17, 20, and 21), and one raccoon
(isolate 52) and one otter (isolate 44) were identical to E.
bieneusi sequences from pigs (genotypes EbpC and E, Gen-
Bank accession no. AF076042 and AF135832, respectively)
and formed a second major clade. The third major clade
(WL15 genotype) in the cluster contained some E. bieneusi
isolates from raccoons (isolates 47 and 50) and foxes (isolates
16, 18, and 19) and one isolate each from muskrat (isolate 35)
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and beaver (isolate 2). The fourth major clade (WL16 geno-
type) was formed by some E. bieneusi isolates from raccoons
(isolates 49 and 55) and muskrats (isolates 36, 38, and 39). The
remaining genotypes were scattered at several places within
the first major cluster (Fig. 1).

The second major cluster was formed by muskrat isolates
only, and three distinct muskrat Enterocytozoon genotypes
(WL4, WL5, and WL6) were evident in this cluster. The nu-
cleotide sequences (WL4 genotype) of seven muskrat isolates
(isolates 23, 25, 26, 27, 29, 30, and 31) were identical but
differed from the second muskrat genotype (WL6 genotype;
isolate 34) at two positions (G to A at position 148 and A to G
at position 286) and from the third muskrat genotype (WL5
genotype; isolate 41) at one position (G to T at position 363)
(Fig. 2).

The third major cluster was formed by isolates of raccoon
only. Three distinct genotypes (WL1, WL2, and WL3) of rac-
coon Enterocytozoon spp. (isolates 45, 48, 53, 56, 57 58, and 59)
were observed within the third major cluster and differed from
one another at four nucleotide positions (C or G at position
124, T or C at position 266, A or G at position 323, and G or
A at position 360) (Fig. 2).

Results of the neighbor-joining analysis were confirmed by
maximum likelihood analysis. Thus, three major clusters were
also seen in the maximum likelihood tree. As in the neighbor-
joining analysis, the cluster consisting of genotypes WL1, WL2,
and WL3 formed the basal branch and the cluster consisting of
genotypes WL4, WL5, and WL6 formed the next branch (data
not shown). Even within the major cluster containing all E.

bieneusi sequences from humans and domestic animals, the
three genotypes from cattle (I, J, and N) and two genotypes
from humans (C and Q) branched out first in both the neigh-
bor-joining and maximum likelihood analyses (Fig. 1 and data
not shown).

DISCUSSION

To date, based on the nucleotide sequence of the ITS, 31
distinct genotypes of E. bieneusi parasites have been reported
from humans and domestic animals (1, 2, 5, 11, 13, 15, 16, 17;
Deplazes et al., J. Eukaryot. Microbiol. 43:93S, 1996). Most of
the genotypes identified before were from humans and pigs,
and some of the genotypes were given different names by
different researchers (Table 2). Results of the present study
show for the first time the presence of Enterocytozoon spp. in
wildlife associated with surface water. A total of 17 genotypes
were found, with 15 of them being new. In this study, sequence
characterization of isolates has been used to assess the public
health significance of Enterocytozoon spp. from wildlife.

One E. bieneusi genotype reported in pigs and humans
(GenBank accession no. AF101200 and AF34877, respectively)
was identical to some of the isolates from muskrats, beavers,
and foxes and one isolate from a raccoon that formed the
genotype WL8. Similarly, the ITS sequences from some bea-
vers, muskrats, raccoons, foxes, and one otter belonging to the
genotype WL13 were identical to the E. bieneusi ITS sequences
previously reported from pigs (GenBank accession no.
AF076042 and AF135832). Furthermore, three more geno-
types (WL12, WL15, and WL16) contained isolates from mul-
tiple species of wildlife. These findings indicate that some E.
bieneusi genotypes can infect a broad range of animals and that
these parasites are genetically related to or even identical to
those infecting humans and domestic animals.

Some animals appear to have host-specific Enterocytozoon
genotypes. For example, isolates in the cluster formed by ge-
notypes WL4, WL5, and WL6 were all from muskrats, and
isolates in the cluster formed by genotypes WL1, WL2, and
WL3 were all from raccoons. These Enterocytozoon genotypes
not only have ITS sequences very divergent from those of E.
bieneusi genotypes but also are consistently placed in clusters
outside the major E. bieneusi clades in both neighbor-joining
and maximum likelihood analyses. Thus, they may represent
species different from the human-pathogenic E. bieneusi. This
observation needs to be confirmed by sequence and phyloge-
netic analyses of the small-subunit rRNA gene and other ge-
netic loci. The identification of host-adapted Enterocytozoon
spp. in this study was unlikely due to the broader specificity of
primers used. Three previously identified bovine genotypes
(I, J, and N) might also be host-adapted genotypes, as they
formed a group separate from most E. bieneusi isolates (Fig. 1).

The transmission routes and the sources of human infection
with E. bieneusi have not been identified directly. Spores of E.
bieneusi have been frequently found in water in the United
States and France (6; Sparfel et al., J. Eukaryot. Microbiol.
44:78S, 1997), but the human-infective potentials and sources
of these spores are not known. Results of phylogenetic analysis
have shown a close relatedness of human E. bieneusi with
genotypes in farm animals (5). Indeed, two genotypes patho-
genic for humans have been found in pigs (2, 12), suggesting

TABLE 2. Published E. bieneusi ITS genotypes

GenBank
accession no. Host(s) Genotype Refer-

ence(s)

AF101197 Human A 1, 5, 17
AF101198, AF242475 Human B, type I 1, 5, 11, 17
AF101199, AF242476 Human C, type II 1, 5, 11, 17
AF101200, AF023245,

AF348477
Human, macaque,

pig
D, PigEBITS9 2, 3, 5

AF267147 Human Q 5
AF242477 Human Type III 11
AF242478, AF267141 Human, cat K, type IV 5, 11
AF242479 Human V 11
AF135836 Cattle I 5
AF135837 Cattle, chicken J 5, 14, 15
AF267143 Cattle M 5
AF267144 Cattle N 5
AF267142 Cat L 5
AF118144 Cat EbfelA 13
AF059610 Farm dog and cat 13
AF267146 Llama P 5
AF076040, AF135833 Pig EbpA, F 1, 2, 5
AF135834 Pig G 5, 15
AF135835 Pig H 5, 15
AF267145 Pig O 5
AF076041 Pig EbpB 1
AF076042, AF135832 Pig EbpC, E 1, 5, 15
AF076043 Pig EbpD 1
AF348469 Pig PigEBITS1 2
AF348470 Pig PigEBITS2 2
AF348471 Pig PigEBITS3 2
AF348472 Pig PigEBITS4 2
AF348473 Pig PigEBITS5 2
AF348474 Pig PigEBITS6 2
AF348475 Pig PigEBITS7 2
AF348476 Pig PigEBITS8 2
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FIG. 1. Phylogenetic relationships of Enterocytozoon spp. inferred from the neighbor-joining analysis of the ITS region of the rRNA gene.
Numbers on branches are percent bootstrap values from 1,000 replications.
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that zoonotic infection is possible. In the present study, E.
bieneusi was found in a number of wild mammals (beavers,
foxes, muskrat, otters, and raccoons) in four counties of east-
ern Maryland. Most of the E. bieneusi genotypes from these
mammals were genetically related to human-pathogenic E. bie-
neusi, and one genotype has been found in humans. Thus,
fur-bearing mammals living in or near surface water can be a
source of contamination with human-pathogenic E. bieneusi.

In summary, results of the present study indicate that mi-

crosporidiosis due to Enterocytozoon spp. is prevalent in wild
fur-bearing mammals and that extensive genetic polymorphism
exists in Enterocytozoon spp. from wild mammals. The ITS
region of the rRNA gene is a good genetic marker for the
analysis of molecular evolutionary and taxonomic relationships
of Enterocytozoon spp. The molecular data suggest that E.
bieneusi from wildlife can be a potential source of microspo-
ridian contamination in water, which in turn can be a risk to
public health.

FIG. 2. Genetic variation in the ITS region of the rRNA gene of Enterocytozoon spp. Seventeen distinct genotypes (WL1 to WL17) based on
these sequences were evident. Dots denote sequence identity to WL17. Dashes denote deletions.
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